Abstract To determine depth dependence of permeability in various geologic deposits, exponential models have often been proposed. However, spatial variability in hydraulic conductivity, K, rarely fits this trend in coarse alluvial aquifers, where complex stratigraphic sequences follow unique trends due to depositional and postdepositional processes. This paper analyzes K of alluvial-fan gravel deposits in several boreholes, and finds exponential decay in K with depth. Relatively undisturbed gravel cores obtained in the Toyohira River alluvial fan, Sapporo, Japan, are categorized by four levels of finesediment packing between gravel grains. Grain size is also analyzed in cores from two boreholes in the mid-fan and one in the fan-toe. Profiles of estimated conductivity, K, are constructed from profiles of core properties through a well-defined relation between slug-test results and core properties. Errors in K are eliminated by a movingaverage method, and regression analysis provides the decay exponents of K with depth. Moving-average results show a similar decreasing trend in only the mid-fan above ∼30-m depth, and the decay exponent is estimated as ≈0.11m −1 , which is 10-to 1,000-fold that in consolidated rocks. A longitudinal cross section is also generated by using the profiles to establish hydrogeologic boundaries in the fan.
Introduction
The dependence of permeability on depth in consolidated and unconsolidated sediments is mainly due to decreasing porosity because of compaction and other physical or chemical effects. Vertical permeability variations in each aquifer provide key information for quantifying groundwater flow and solute transport; one example is the typical information aids in realizing geological heterogeneity in geostatistical methods, which often require a fundamental assumption of stationarity (de Marsily 1986; Koltermann and Gorelick 1996; Wackernagel 2010) . Analytical and numerical solutions indicate the importance of depthdependent hydraulic conductivity K in groundwater systems of various scales (Saar and Manga 2004; Marion et al. 2008; Cardenas and Jiang 2010; Zlotnik et al. 2011) . A systematic decreasing trend in either porous media or fractured media can also be understood by using semiempirical models based on simplifications and wellestablished relations among permeability, porosity, fracture aperture, and effective stress .
In contrast to various theoretical studies, field studies rarely give a unique depth dependence of K at a particular site, especially in alluvial shallow aquifers, because geologic heterogeneity prevents detection of a specific trend from a large variability in K. Another reason is a lack of knowledge about the process of porosity structure development under various sedimentary environments. In addition, the numbers of measurements and samples are limited in the majority of practical cases. Vertical sequences in alluvial aquifers generally consist of various facies (e.g., Miall 1992) , for which there are a variety of physical and chemical effects on the permeability variations with depth. Characterization has proved especially difficult in a complex alluvial fan system. The stratigraphic sequences exhibit unique sedimentary textures on different scales due to various proportions of fluvial flow, debris/mud flow, sheet flood, and sieve deposition (Einsele 2000) . Coarsening-and fining-upward trends are also typically seen in alluvial fans as a result of interactions of progradation, retrogradation, and basin subsidence (Neton et al. 1994) . The vertical trend of grain size may positively correlate to the depth dependence of K. However, grain-size distributions alone are insufficient for determining the vertical trend because K in the coarse sediment mixtures is a complex function of various geologic factors. An additional problem is uncertainty in grain-size analysis when using gravel cores of smaller diameter than the maximum grain size. Groundwater flow or transport modeling in gravelly aquifers is thus often conducted under the assumption that K is approximately invariant in the vertical direction.
In previous studies, an area of major interest has been the depth dependence of K due to post-depositional processes. The vertical trends of K in consolidated rocks are clearer in the field because diagenetic and metamorphic processes occur at depths on only the kilometer scale. The results of those studies were commonly that K exponentially or logarithmically decreased with depth, and that decay exponents varied on the order of 1 × 10 −2 to 1 × 10 −4 m −1 at specific sites (Manning and Ingebritsen 1999; Saar and Manga 2004; Ingebritsen et al. 2006; Wang et al. 2009; Luo et al. 2011) . In contrast, the depth dependence of K in unconsolidated gravel deposits has rarely been discussed because porosity reduction by compaction is of less importance in clean coarse sediments than in fine sediments, and determined relations between porosity and K are seldom adhered to in natural coarse sediments (Morin 2006; Kresic 2007) . However, K in unconsolidated gravel deposits varies greatly even under a slight change in porosity. The fractional packing model (Koltermann and Gorelick 1995; Kamann et al. 2007 ), which represents K in sediment mixtures as a function of the porosity and volume fraction of each component, indicates that K ranges over several orders of magnitude by these factors. Major (1997; 2000) performed triaxial compression and permeability tests on various poorly sorted debris flow sediments, and reported that the permeability of debris flow mixtures varies exponentially with porosity, and that changes in porosity of as little as a few percent could cause greater than 10-fold changes in permeability. Matsumoto and Yamaguchi (1991) found that in situ measurements of K in Holocene gravelly deposits decreased by about one order of magnitude for test fills of less than 7 m in height. They also conducted laboratory tests using undisturbed gravelly samples, and proposed that the relations between permeability and effective stress reflected the connectivity and compaction of the open pores. As another example, Chen (2011) investigated channel sediments in the Platte River, USA, and hypothesized that a decreasing trend in vertical K with depth resulted from hyporheic processes that moved fine-grained sediments from shallow parts of the channel to deeper parts. All of those studies concluded that K is highly dependent on depth in unconsolidated gravel deposits. However, the trends were usually shown only graphically, and more quantitative characteristics about the trends (e.g., the decay exponents) were not typically determined.
In situ measurements of the vertical variation of K are directly obtained by various methods such as multiple pumping tests, slug tests, flow meter tests and permeameter tests. In sand and gravel, however, the sedimentary or permeability correlation length in the vertical direction is within only a few meters or even decimeters (Hess et al. 1992; Jussel et al. 1994; Rubin 2003; Falivene et al. 2007 ); thus, a number of measurements are required to distinguish the vertical trend of geological heterogeneity. As an alternative, indirect methods using empirical equations of grain size, porosity or other factors in samples, give K values that approximately agree with measurements taken at the same depth (e.g., Vukovic and Soro 1992; Cheong et al. 2008; Vienken and Dietrich 2011) . Discrepancies in indirect methods are considered to be caused by the simplification of equations to only a few variables (or even a single variable, for example, effective grain-size diameter). A previous study by the authors (Sakata et al. 2011) suggested that when applying an indirect method for unconsolidated gravel deposits, other variables are needed that reflect the packing in openings between the gravel grains. Consequently, an additional matrix packing level index was proposed using relatively undisturbed gravel cores obtained from the Toyohira River alluvial fan, Sapporo, Japan. Undisturbed sampling of gravel deposits is challenging even today. In situ freezing of samples is commonly employed, but the number of samples is restricted with this method due to its high economic cost. In contrast, several nonfreezing sampling techniques have been developed (e.g., McElwee et al. 1991) . Unique to Japan, various tube samplers have been improved for high-quality sampling of gravel deposits. Tanaka et al. (1990) indicated the similarity between measured physical and mechanical properties of gravelly samples obtained by these improved tube samplers and by in situ sample freezing. A distinct difference is found in the undisturbed cores obtained by the samplers in terms of the packing of fine sediments in pore spaces between gravels. In the authors' previous study, the packing in undisturbed cores was qualitatively categorized into four typical levels, and the length fraction of each packing level was measured. The equivalent horizontal value of K per unit depth was then formulated by using the grain-size diameter and length fraction of each packing level.
The aims of the current study are to verify the vertical permeability trend in the Toyohira River alluvial fan, and to propose a field method to quantitatively estimate the trend. Firstly, an additional grain-size analysis is performed on past core samples, and profiles of the grain-size diameter are found for three sampling points, two in the mid-fan and one in the fan-toe. Secondly, the previously determined relation is applied to convert the core property profiles (i.e., grain-size diameter and length fraction of each packing level) into those of the estimated conductivity. To eliminate errors during this process, the moving averages of log-conductivities are calculated and the decay exponent of K with depth is estimated through a linear regression analysis. A longitudinal cross section is then generated from the profiles such that the boundaries of the gravelly aquifer structure are determined.
Materials and methods

Study area
The field site for this study is the Toyohira River alluvial fan, which is located at about 43°N, 141°E in Hokkaido, the northernmost island of Japan (Fig. 1) . The fan was formed by the Toyohira River, which is ∼72.5 km in length with a watershed of ∼900 km 2 . The river flows from south to north, almost through the heart of the fan, and the river bed has an average inclination of about 7/1000 in this area. The fan extends over an area of ∼35 km 2 , and is surrounded by Tertiary volcanic mountains to the west, hilly lands covered with Pleistocene volcanic ash to the east and lowland around the confluence of the Ishikari River to the north. In geomorphologic terms, the fan is complex and consists of the western Holocene "Sapporo" surface and the eastern Pleistocene "Hiragishi" surface (Daimaru 1989) . The central area of Sapporo City, the capital of Hokkaido with an urban population of 1,900,000, has developed on the fan.
Various Quaternary sediments-such as gravels, sand, silts, clays and humus-hundreds of meters thick, underlay the fan (Oka 2005) . The hydrogeologic structure of the fan has been documented by Hu et al. (2010) as follows. The hydrological basement strata of the fan are composed of marine sediments, corresponding to the Pleistocene Nopporo Formation. The upper formations on the basement are considered to be divided into four aquifers: Pleistocene nos. IV and III and Holocene nos. II and I. All of these aquifers, except Holocene no. I, consist mainly of sandy gravel beds with andesitic cobbles tens of meters in thickness. The Holocene no. I aquifer is distributed in only the northern part of the fan, and consists of sand, clayey beds and a peaty bed that were transported in the late Holocene. As reported by the Hokkaido Regional Development Bureau (2006) , the grain size of the riverbed has a mean diameter of 50-100 mm, a maximum diameter of 100-500 mm, and a sand fraction less than 10 %. Hu et al. (2010) also estimated the total groundwater capacity in the aquifers at 300,000,000 m 3 . Thousands of water wells have been dug in the area, and water is pumped from the aquifers situated at various depths. The screens of these wells have been scattered throughout the and KP values denote the distance (in km) along the river channel upward from the confluence of the Ishikari River aquifers, but in general have been distributed at a depth of ∼30 m, indicating that high permeability is found above this depth (Yamaguchi et al. 1965) . The recharge source of the groundwater is considered to be mainly the Toyohira River. In a recent synoptic survey (Sakata and Ikeda 2012a) , the amount of infiltration in the fan was estimated as ≈1 m 3 /s along a longitudinal distance of 1.5 km (KP15.5-17.0 in Fig. 1 ). This infiltration corresponds to nearly 80 % of the total pumping rate in Sapporo City. The losing section of the river is explained from the fact that the river stages are higher than the groundwater surface (Fig. 1) .
Management of the river, especially during low discharge, has recently become problematic due to increases in water intake and the active interaction between the surface water and groundwater. In addition, contaminants in some wells such as natural arsenic and artificial volatile organic compounds have reached concentrations that are higher than stipulated levels. Various groundwater analyses have been conducted to examine the river management issues, and the results of several of these analyses have obtained fairly good agreement with at least part of the measured factors (i.e., groundwater heads, the recharge and water budget or contaminant transport).
Sampled cores and slug tests
The Hokkaido Regional Development Bureau, the administrator of the Toyohira River, performed relatively undisturbed samplings at six points near the river throughout the fan, BW1-6 ( Fig. 1 ), in 2008 by using an improved double core-tube sampler (ACE Shisui Co., Ltd., Japan). An additional core in the fan-toe, BW7, was subsequently obtained in 2010. The sampler was based on a standard double core-tube sampler, but was equipped with innovative features to avoid disturbing the gravel cores. As shown in Fig. 2 , the head of the bit tube was characterized by a circular step below the ports to facilitate water discharge and avoid flush fluids flowing onto the cutting surface. Furthermore, the cutting head was constructed of a special tungsten carbide alloy, and required little drilling water to cut relatively hard gravels and cobbles. Various other features such as a core-lifter were also equipped on the sampler; however, the details of these features are omitted here due to space restrictions.
The relatively undisturbed cores consisted of coarse grain frameworks with openings between the grain components. The majority of these openings were adequately filled with a detritus of fine gravel, sand and silt. However, the openings were typically not completely packed, and the amount of finer sediments in the openings differed even though the drilling conditions (e.g., the swivel rotation and drilling fluid pressure) were kept almost constant. Therefore, the packing in the gravel cores is considered to be related to the sampling depth, and the obvious absence of fine sediment corresponds to the natural openings that form water passages. The authors' previous study (Sakata et al. 2011 ) designated this packing difference as the matrix packing level, and packing was qualitatively categorized into four levels ( Fig. 3 ): level I (full), level II (almost full), level III (loose) and level IV (very loose). For level I, the openings between the gravel grains are fully packed with a fine filling, and the appearance of the core is similar to that of a conglomerate; for level II, the majority of the openings are filled, but fine sediment is dispersedly seen to be missing on the centimeter scale; for level III, an absence of fine sediments is frequently found throughout the sample such that several openings are connected and form empty belts across the core; and for level IV, the fine fillings are almost nonexistent, and so only the gravel framework is seen. Photographs of representative example cores with each packing level were shown in the previous paper. A core section with packing level I or II was further called the high packing part, and that with packing level III or IV the low packing part. The length of each packing level was individually measured to the nearest centimeter.
Such measurements were conducted throughout each of the cores except for those consisting mainly of finer sediments. All researchers observed the cores simultaneously to obtain consistent results, because assigning the packing level, especially for levels II or III, was sometimes challenging. After taking the measurements, the values were recorded in terms of unit depth (i.e., the length fraction of each packing level), which were denoted L 1 -L 4 (m/m). Statistics of the length fraction measurements for the low packing parts, L 3 and L 4 , are summarized in Fig. 4 . L 3 is relative larger than L 4 at the same depth, and occasionally is >0.1 m/m. However, the vertical trend of L 3 is unclear. In contrast, L 4 is usually of the order of 1 × 10 −2 m/m, but sometimes exceeds 0.1 m/m near the surface. L 4 has an obvious decreasing trend such that it almost vanishes below a depth of ∼30 m. A total of 32 slug tests were performed on the undisturbed samples. The tests were conducted using the Japanese Geotechnical Society (JGS) method (JGS 2004) , which originated from the conventional Hvorslev method (Hvorslev 1951) . The (JGS) method is divided into an unsteady method and a quasi-steady method according to the permeability of the test section. If the water-level variation in a borehole can be measured manually at appropriate time intervals while the water level rises toward the static water level, the value of K is calculated by the following equation (JGS 2004) :
where K is the radial or horizontal hydraulic conductivity, D e is the effective radius of the well casing, D is the test depth diameter, K z is the vertical hydraulic conductivity,
is the conductivity ratio representing the anisotropy ratio, H is the test screen length and s 1 (s 2 ) is the drawdown at time t 1 (t 2 ).
Conversely, if the water-level variation is too rapid to be measured manually due to high permeability in the test section, a pumping test is instead conducted in the borehole, and the pumping discharge rate and drawdown from the static level in the borehole are measured under the pseudo-steady state. In this case, K is calculated as
where s is the drawdown under the pseudo-steady state and Q is the pumping discharge rate (JGS 2004) . In all tests, the value of H was consistent at unit depth. The water temperatures during each test were measured by transducers. The temperature was in the 5-12°C range, and was related to the infiltration near the river. In an earlier study, Sakata and Ikeda (2012b) converted the K values calculated by Eqs.
(1) or (2) into those for a constant temperature of 25°C by using the temperature dependence of water viscosity for numerical simulation of groundwater flow and heat transport. In the authors' Summaries are given at 10-m intervals of depth Z. Solid squares above each box denote measurements at BW1-7, the left-and right-hand side bars of the boxes respectively denote the 25th and 75th percentiles, the bars within the boxes denote the medians, the bars at the left and right ends of the whiskers respectively denote the minimum and maximum values and open squares in the boxes denote the averages. Some of the median bars are not visible because their values are equal to zero previous works, α was assumed to be equal to 1 because when the ratio is expressed as a logarithm, it has less influence on the results. An additional grain-size analysis was performed on only those parts of the gravel cores that were at the depth used in the slug tests. All utilized samples also had a common unit length, which corresponded to the screen length of the slug tests. The weight of each sample was in the 8-10 kg range. Thirteen sieves with mesh openings of 0. 075, 0.106, 0.250, 0.425, 0.850, 2, 4.75, 9.5, 19, 26.5, 37.5, 53 and 75 mm were used to sieve the samples according to the Japanese Industrial Standard method (JIS A 1204). The sieving results for each sample were then summarized according to their grain-size distributions, where d n (mm) was defined as the grain diameter with n % cumulative weight of the sample from the distribution.
Relation between slug tests and core properties
The authors' previous studies (Sakata et al. 2011; Sakata and Ikeda 2012b) established the following relations between the 32 slug test results and core properties found at the same depth.
Firstly, the K value of the high packing part (i.e., packing levels I and II) in the core is assumed to be that of a conventional porous medium. The fundamental formula for K in porous media is generally represented as a composite of the medium's fluid properties, porosity function or coefficient, and grain size (e.g., Freeze and Cherry 1979; Todd and Mays 2005):
where ρ is the density of the fluid; g is the acceleration due to gravity; μ is the kinematic coefficient of viscosity; C is a dimensionless coefficient, which is dependent on the porosity, sorting, packing and other factors; and d is the effective grain-size diameter. d 10 is commonly used for d (Fetter 2001) ; however, Shepherd (1989) suggested that the mean diameter better represents the effective grain-size diameter, and the exponent ranges from 1.5 to 2 according to the sedimentary textural maturity. In the current study, the obtained grain-size distributions are noted as being different from those in nature because of sampling limitations; namely, the sampler was of small diameter and the small sample volume was used for sieving. Therefore, a more general exponential equation was applied to determine K in the high packing part:
where K HP is the hydraulic conductivity of the high packing part, constant C HP is a dimensionless proportionality coefficient and m is the exponent for effective grainsize diameter d. Note that C HP corresponds to the product of the fluid properties at a constant temperature of 25°C and the coefficient C in Eq. (3).
Secondly, the low packing part (i.e., packing levels III and IV) in the core is considered to form preferential water passages for the movement of fluid, which are similar to fractures in consolidated rock. A rock fracture's K value is proportional to the square of its aperture, as a parallel plate model derived from the cube law of transmissivity in a fractured material (Snow 1969; Domenico and Shwartz 1998; Singhal and Gupta 1999) . A further assumption is that the water passage width in each unit of the low packing part is linearly related to the length fraction of each packing level. In addition, the proportionality coefficients are assumed to differ between packing levels III and IV. Consequently, the K value for the low packing part takes a simple form:
where K LP is the hydraulic conductivity of the low packing part and C i is a dimensionless proportionality coefficient, which takes a different value for packing level III (index i 0 3) and level IV (index i 0 4). Thirdly, an equivalent horizontal hydraulic conductivity K per unit depth, composed of a sequence of different packing levels, is estimated as a weighted arithmetic mean, specifically, the sum of the products of each packing level's individual K value and length fraction. Accordingly, K is calculated by the following equation:
The constants C HP , C 3 , C 4 and m in Eq. (6) are simultaneously determined under the hypothesis that the estimated K values correspond to the slug test results at the same depth. The agreement between estimated and actual K values is then assessed in the previous studies by using a least squares method to minimize the root mean square error (RMSE). The RMSE value is calculated as the sum of the residuals between the common logarithms Y of K and the logarithms Y of K measured by the slug tests at the same depth:
where ReY is the residual log-conductivity and n is the sample number (0 32). Logarithmic transformations are used to avoid a few extremely permeable values from considerably affecting the RMSE results. A nonlinear optimization tool, the MS Excel Solver, was used to perform the optimization. Since d is not empirically known, it is determined by repeatedly optimizing using various cumulative weight diameters;
The analysis data and results are listed in Table 1 . The dataset is composed of previous data on BW1-6 taken from Sakata et al. (2011) , as well as new data on BW7. A scatter plot of estimated K versus measured K values is given in Fig. 5 . The coefficient of determination (R 2 ) between Y and Y is relatively high at 0.80. The relation between estimated K and d 20 for cases of L 3 and L 4 is shown in Fig. 6 . When L 3 < 0.05 m/m and L 4 is rarely observed on the centimeter scale (i.e., the gravel core in effect contains only a high packing part), K varies from 5 × 10 −6 to 2 × 10 −3 m/s. Here, K is governed by only the grain size, and is independent of core packing level. When L 3 > 0.5 m/m or L 4 > 0.1 m/m-i.e., the occasional case that occurs near the surface (Fig. 4) , K is of the order of 1 × 10 −3 m/s for all grain sizes. Such a high conductivity regardless of the length scale for the low packing part indicates that preferential water passages may exist at the sampling depth. When 0.05 ≤ L 3 ≤ 0.5 m/m and L 4 is of the order of 1 × 10 −2 m/m (i.e., the intermediate case), either the grain size or length fraction of the packing levels has a strong effect on K. The limit on the effective grain size that governs its effect on K is roughly d 20 0-2(-φ) 0 4 mm, where -φ denotes the base-2 logarithm of grain size (mm).
Estimating K from Eq. (8) results in it attaining a high value even if the low packing part is fairly concentrated. This hydraulic feature corresponds to that of open framework gravel (OFG), which is usually observed in outcrops or trenches, and is considered to be the most remarkable hydro-facie due to its high permeability. OFG has a distribution that is only centimeters or decimeters thick, but its K value is of the order of 1 × 10 −3 to 1 × 10 −2 m/s, considerably greater than the value for the surrounding layers (Jussel et al. 1994; Heinz et al. 2003 ; 
Grain-size analysis
In the author's previous study, the grain-size analysis used only those cores taken from the same depth as that used in the slug tests. In the present study, a further analysis was conducted to obtain vertical profiles of the effective grainsize diameter at two sampling points in the mid-fan, BW5 and BW3, and one in the fan-toe, BW7. The reasons for choosing these wells were as follows: the gravel deposits at BW5 were the thickest among the wells; BW3 was located about 1 km downstream from BW5, and was the midpoint of the losing section of the river described in the preceding; and BW7 was located near the lower edge of the fan, where finer sediments overlaid the gravel deposits and low packing parts were less observed. The total depths at BW5, BW3, and BW7 were 100, 64, and 44 m, respectively. The depths at which sandy gravel cores were analyzed per unit depth were 1-72 and 81-92 m at BW5 (82 samples); 2-40, 41-50, and 52-63 m at BW3 (58 samples); and 6-19, 21-24, 27-38, and 43-44 m at BW7 (28 samples). Thus, 168 core samples were obtained in total. Sieving was conducted as outlined previously (see section Sampled cores and slug tests). The length fractions of each packing level were found, and were unchanged from previous values. As a result, profiles of core properties, grainsize diameters and length fractions of each packing level could be determined for BW5, BW3, and BW7.
Moving average method
The core properties profiles were transformed into those of K by using Eq. (8), which provides a fairly good relation between estimated and measured log-conductivities. However, ReY ranged from -0.64 to 0.89 with a variance of 0.16, as shown in Table 1 . These statistical values of the residuals were not necessarily ignored because the confidence interval of K was extended by 3-to 10-fold or greater when the log transformation was inverted. The residuals resulted from various factors: the sampling limitations of using small diameters and volumes, the over-or under-estimation of the packing level, the applicability of the slug test method to the test conditions, and the simplifications made to generate the relation in Eq. (8). Several fundamental hypotheses were also included in this study. The first assumption was that Y was normally distributed and K was log-normally distributed (Domenico and Shwartz 1998; ASCE 2008) . The second assumption was that ReY was also normally distributed with a constant variance of σ 2 0 0.16, specifically, ReY was assumed to occur randomly with no spatial correlation and with a constant variance. A 95 % confidence interval for Y was obtained under the above assumptions as
). This confidence interval was then translated by inverting the log transformation to obtain K 6:0 = ; 6:0K Â Ã , which is approximately equal to a single order of magnitude and so K was not quantitatively valid in this case. Thus, errors were eliminated from Y by using a moving average method. The moving average of Y Y MA À Á is calculated through the following equation:
where Y i is the common logarithm of estimated conductivity K i for i ranging from 1 to nMA. nMA is the total number of K values used for the moving average; in the present case, nMA corresponds to the average interval written in meter units, because 
Results and discussion
Profiles of core properties and hydraulic conductivity
The results for BW5, BW3, and BW7 are shown in Fig. 7 . From left to right, the results for each sampling point show changes with depth of the geologic column, effective grain-size diameters, length fractions of the low packing part, and log-conductivities: Y measured by slug tests, Y estimated by Eq. (8), and Y MA over 5-m intervals. Gaps in the profiles indicate data rejected or not obtained at depths where cores are composed mainly of fine sediments.
The geologic columns at BW5 and BW3 do not show migration sequences of the gravel deposits, which are generally a characteristic of alluvial fans rather than meandering river sequences. A majority of the intercalating sandy layers are ≤1 m in thickness, and are rarely seen in consecutive horizontal positions among the wells. Only monotonic gravel sequences therefore show no obvious hydrogeologic boundary in the gravel aquifer (e.g., the boundary between the Holocene no. II and Pleistocene no. III aquifers). In contrast, the gravel deposits at BW7 lie below an alternation of fine sediments, which corresponds to the upper edge of the Holocene no. I aquifer. Additionally, the intercalating layers in the gravel deposits Gaps represent depths at which data were rejected or not obtained are frequently distributed with even finer sediments. In particular, volcanic ashes are typically interbedded at depths of ∼19-20 and 41-43 m, corresponding to the reworked deposits of Shikotsu pumice flows (∼40,000 years BP) and of Toya ash falls (∼110,000 years BP), respectively. d 20 varies in each well, ranging widely from -1 to 4 (-φ) (i.e., ∼0.5-16 mm). Moreover, the deviations in adjacent data in the profiles are often greater than 1 to 2 (-φ). This large fluctuation is considered to mask the spatial trend, for example, a down-fan fining trend from the mid-fan to fantoe. Such fluctuations probably arise from sampling errors due to various sources (as already described), as well as from sedimentary heterogeneity. Here, no distinct difference is found between the grain-size variations of BW5, BW3, and BW7, but a decreasing trend with depth is observed only at BW5, although this is not obvious due to the fluctuation.
The length fractions of the low packing part, L 3 and L 4 , show a clear decreasing trend with depth at BW5 and BW3. L 4 , in particular, decreases rapidly with depth, and has almost vanished by a depth of ∼30 m. A somewhat decreasing trend is also seen in L 3 such that its values appear to be relatively random. In contrast, a specific trend is not seen for L 3 or L 4 at BW7. The main reason for this difference in trends is that in the mid-fan, the low packing part accumulates in the gravel deposits near the surface, whereas in the fan-toe, the late Holocene fine sediments cover the surface with a thickness of >10 m. Another reason is considered to be the development process of OFG, the hydraulic features of which are equal to those of the low packing part. Thick OFG deposits occur due to high bedforms and large amounts of aggradation (Lunt and Bridge 2007) , and form in the mid-fan, but not in the fan-toe.
Y values are measured by slug tests at several points in each well. As a result, Y ranges from -2 to -6, that is, four orders of magnitude of K (m/s), by inverting the log transformation. This large range of measurements is considered as being reflective of the geological heterogeneity in the gravel deposits. However, a decreasing trend in Y is found at BW5 and BW3. Conversely, Y values in each profile fluctuate even more widely, with an amplitude of >1-2, which corresponds to one to two orders of magnitude of K. The greater fluctuation in Y is probably a result of not only the heterogeneity but also the estimation errors. Therefore, Y values are not used to determine the exhibited trend. Instead, Y MA values in each profile vary more smoothly, and thus reveal the changes with depth. Decreasing trends in Y MA are evident at BW5 and BW3, and are observed only above depths of ∼30 m, which corresponds to the maximum depth at which L 4 values are observed. Furthermore, the moving average below this depth is ≈ -4, showing that an approximately stationary field may exist. In contrast, a vertical change with depth is not obvious at BW7, where trends are not observed for L 3 or L 4 . Thus, the depth dependence of K in the fan is understood from the vertical distribution of the packing levels in the undisturbed cores.
Depth dependence of hydraulic conductivity
A linear regression analysis is applied between Y MA and depth. Here, the depth data correspond to the midpoints of each average interval and the Y MA data are taken above depths of 40 m-the maximum depth of the decreasing trend, 30 m, plus an additional 10 m. A scatter plot showing the regression results is given in Fig. 8 .
The regression lines for BW3 and BW5 have approximately equal slopes and intercept values; the slopes are 0.041 and 0.052 (average: 0.047), respectively, and the intercepts are -2.5 and -2.2 (average: -2.3). In addition, R 2 values of >0.7 are obtained. The depth dependence of K is often represented as an exponential function:
where K 0 (m/s) is the K value at the ground surface, which is equal to 1 × 10 −2.3 m/s for the current case;
) is a decay exponent; and Z (m) is the depth below the surface. The decay exponent is determined by dividing the average slope of 0.047 by log 10 0 2.3. Hence, A 0 0.11 m −1
. The exponential equation for the mid-fan is therefore
The size of the decay exponent here should be noted. For example, an increase in depth of 1 m corresponds to a ∼10 % decrease in K. Explicitly, K at a depth of 10 or 30 m is equivalent to approximately 1/3 or 1/25 of K 0 at the ground surface. The exponents in other unconsolidated gravel deposits are regrettably not obtained in this study; thus, previous values found for various consolidated rocks are used for comparison. These values differ greatly at each site, and are of the order of 1 × 10 −2 to 1 × 10 −4 m −1
, as described before. The exponents for consolidated rocks are therefore not smaller than 1/10 to 1/1000 of the gravel deposit value. Conversely, the regression line for BW7 has an R 2 value of only 0.13. This small value implies that a vertical trend is not A regression analysis between Y MA and depth is conducted in each well using data above a depth of 40 m evident in the fan-toe (although only one profile is created). Specifically, the depth dependence of K is not common throughout the fan, but is restricted to the upper fan, where gravel deposits of the low packing part accumulate below the ground surface.
The typical characteristics in the vertical trend-the large exponent A in the mid-fan, and the lack of a trend in the fan-toe-are considered as follows. One simple and most probable argument is that the depth dependence at BW5 and BW3 is a unique stratigraphic trend (i.e., coarsening-upward trend) due to progradation in the Holocene fan. Stationarity below a depth of ∼30 m may indicate different (lower energy and slower) depositional environments such as braided river system. The lack of a trend at BW7 indicates that the location is adjacent to, but not in, the alluvial fan depositional system. However, the interpretation based on only stratigraphic sequences remains slightly problematic. The low packing parts in the gravel cores are rarely observed at deep depths, although the grain sizes at deep depths are often large, no smaller than those in at shallow depths. Another argument is specific postdepositional processes in shallow alluvial deposits, other than the often-discussed diagenetic and metamorphic processes. In shallow burial, crushing probably has a small effect on the porosity reduction, and cementation such as groundwater calcretization is not seen in the cores. An understanding of the postdepositional processes in the shallow gravel deposits is most likely needed to obtain other information such as the stability of fine sediments in the openings between framework components. If the gravel deposits are loosely packed and the fine sediments are unstable, the open pore structures that correspond to the low packing parts in the cores are theoretically more densely filled due to the movement of the fine interstitial sediments through increased fluid pressure with buried depth. To the authors' knowledge, the mechanism of the post-depositional transition from loose to high packing in alluvial coarse mixtures has not been examined. Although the factor in the trend, whether depositional or post-depositional processes, has not been determined, this field investigation reveals a unique vertical trend in the investigated alluvial fan, and the depth dependence is well-formulated as the exponential model used for the analysis and numerical modeling of groundwater systems.
Aquifer structure
A longitudinal cross section is generated by using the geologic columns and Y MA profiles, as shown in Fig. 9 . This cross section extends from the fan-apex 2-km upstream of BW5 to the fan-toe at BW7. The two dotted lines are the boundaries determined from only the stratigraphic information. The lower dotted line is related to the boundary between the Pleistocene nos. III and IV aquifers, which is distributed throughout the cross section at an elevation of around -50 meters above sea level (m asl) according to Hu et al. (2010) . The upper dotted line represents the boundary between the Holocene nos. I and II aquifers, which is determined to be ∼10 m asl at BW7. These dotted lines are relatively distinguishable because of the sudden stratigraphic change between the gravel fan deposits and the fine fluvial deposits. However, other boundaries of the gravel deposits such as between the Holocene no. II and Pleistocene no. III aquifers are hard to specify among the monotonic stratigraphic columns.
Two Y MA boundaries are also traceable among the profiles: a lower broken line with Y MA ¼ À4 and an upper broken line with Y MA ¼ À3. The lower boundary is below a depth of ∼30 m from the ground surface, and is at the same elevation as the hydrogeologic boundary between the Holocene no. II and Pleistocene no. III aquifers (Hu et al. 2010 ). This correspondence indicates that the Pleistocene no. III aquifer has only weak K depth dependence, and the permeability in the aquifer is assumed to be stationary at around the expectation of K 0 10 −4 m/s. In contrast, the upper boundary of Y MA divides the Holocene no. II aquifer into two further aquifers: nos. IIa (upper) and IIb (lower). The Holocene no. IIa aquifer is ∼10 m thick near the surface, and Y MA > -3 here (i.e., K 0 1 × 10 −3 m/s). Such high values of K are similar to those found in previous pumping test results: pumping tests were conducted in shallow wells near BW5 and BW3, and obtained an average hydraulic conductivity of K ≈ 2 × 10 −3 m/s (Hokkaido Regional Development Bureau 2008) . The Holocene no. IIa aquifer is directly connected to the river bed, and the surface water is actively infiltrated through the aquifer due to its high permeability and vertical hydraulic gradients. Thus, the Holocene no. IIa aquifer along the river is of importance as an infiltrative aquifer. However, if the aquifer is at a distance of several hundred meters from the river, it is almost unsaturated since the groundwater surface slopes downward.
In the Holocene no. IIb aquifer, the permeability takes a wide ranges of values, from K 0 1 × 10 −5 to 1 × 10 −2 m/s. This range is affected by the sedimentary texture at each depth. Conversely, the average permeability decreases with depth according to the exponential equation (Eq. 11). As a result, the groundwater flows horizontally and vertically through the water passages, which are formed and affected by the geological heterogeneity and depth-dependent effects. Three-dimensional (3D) groundwater flows also influence solute transport. For example, the temperature profiles at BW5 and BW3 suggest the existence of large envelopes and a deepening of the isothermal layer. Typical temperature distributions are explained by the presence of strong heterogeneity, as well the depth dependence of the permeability, through a simulation that couples groundwater flow and heat transport (Sakata and Ikeda 2012b) .
Conclusions
The depth dependence of the hydraulic conductivity K in the Toyohira River alluvial fan was determined, and the trend was represented by an empirical exponential equation. The proposed method consisted of the following steps. 1. Relatively undisturbed and sequential gravel cores were sampled by using improved tube samplers. 2. The packing in gravel cores was categorized qualitatively into four levels, and then the length fraction of each packing level was measured per unit depth. After these measurements, the effective grain size (in the current case this was d 20 ) was obtained by sieving. 3. The relation between the slug tests and core properties was established through optimization. 4. Core properties profiles were transformed into those of the estimated hydraulic conductivity K by using the established relation.
5. A moving average method was applied to eliminate errors. In the present case, an average interval of 5 m was used. 6. A linear regression analysis revealed the depth dependence of K in the mid-fan, and the decay exponent was estimated.
The depth dependence of K was shown at the sampling points BW5 and BW3, and the decreasing trend had a decay exponent of A 0 0.11 m −1 , which is 10-to 1000-fold that for consolidated rock in the literature. Conversely, at BW7 in the fan-toe, a vertical trend was not observed. A longitudinal cross section was further generated by using the moving average profiles. Moving average boundaries of Y MA ¼ À4 and Y MA ¼ À3 classified the gravel aquifer without migration succession. As a result, the hydrogeologic structures were understood as a high infiltrative aquifer (Holocene no. IIa), a depthdependent and heterogeneous aquifer (Holocene no. IIb) and a stationary permeable aquifer (Pleistocene no. III). Several problems remained unsolved in this study. The relation between the slug tests and core properties has not been sufficiently verified either theoretically or experimentally. Moreover, the obtained relation was applied only in the fan, and individual relations must be established at each site. The sampling error of the sampler has not been assessed experimentally (e.g., by comparison with bulk sampling). The scale at which permeability was observed in this study (i.e., unit depth) is not necessarily appropriate at other sites, and the employed scale must be discussed in terms of each hydrogeologic unit (Anderson 1989) . Furthermore, the proposed method provided only vertical information at the sampling points. Thus, for 3D groundwater modeling, horizontal information must be acquired by other methods such as outcrop analyses, geophysics surveys, geophysical logs, and deterministic depositional models. In spite of these issues, the proposed field method is expected to be useful for gaining greater quantitative insight into the depth dependence of the permeability in unconsolidated gravel deposits.
